Cadmium (Cd) exposure contributes to human diseases affecting liver, kidney, lung, and other organ systems, but mechanisms underlying the pleotropic nature of these toxicities are poorly understood. Cd accumulates in humans from dietary, environmental (including cigarette smoke), and occupational sources, and has a twenty-year biologic half-life. Our previous mouse and cell studies showed that environmental low-dose Cd exposure altered protein redox states resulting in stimulation of inflammatory signaling and disruption of the actin cytoskeleton system, suggesting that Cd could impact multiple mechanisms of disease. In the current study, we investigated the effects of acute Cd exposure on the redox proteome and metabolome of mouse liver mitochondria to gain insight into associated toxicological mechanisms and functions. We analyzed redox states of liver mitochondrial proteins by redox proteomics using isotope coded affinity tag (ICAT) combined mass spectrometry. Redox ICAT identified 2687 cysteinecontaining peptides (peptidyl Cys) of which 1667 peptidyl Cys (657 proteins) were detected in both control and Cd-exposed samples. Of these, 46% (1247 peptidyl Cys, 547 proteins) were oxidized by Cd more than 1.5-fold relative to controls. Bioinformatics analysis using MetaCore software showed that Cd affected 86 pathways, including 24 Cys in proteins functioning in branched chain amino acid (BCAA) and 14 Cys in proteins functioning in fatty acid (acylcarnitine/carnitine) metabolism. Consistently, high-resolution metabolomics data showed that Cd treatment altered levels of BCAA and carnitine metabolites. Together, these results show that mitochondrial protein redox and metabolites are targets in Cd-induced hepatotoxicity. The results further indicate that redox proteomics and metabolomics can be used in an integrated systems approach to investigate complex disease mechanisms.
60 GO ET AL. sition (MPT) pore opening and inhibition of the electron transport chain (Belyaeva et al., 2011; Su et al., 2011) . Together, the data show that mitochondrial dysfunction is an important component of hepatotoxicity, but details of the mechanistic basis remain unclear.
Our previous study on the redox dependence of the cysteine (Cys) proteome shows that Cd at a low level stimulated translocation of thioredoxin-1 into cell nuclei and potentiated inflammatory signaling by NF-B activation, and this event was regulated by actin dynamics . This study showed that Cd exposure at low levels could disrupt cell signaling by altering central redox processes controlling the Cys proteome. Previous studies with high-dose Cd exposure and our cell study with low-dose Cd treatment show that Cd-induced toxicological cellular responses and elevated oxidative stress mechanisms involve disruption of actin dynamics (Dalle-Donne et al., 2002; Prozialeck and Niewenhuis, 1991) . Cd is not a redox-active molecule but interacts with selenium, thiols of proteins, albumin and MT as discussed above, and small molecules, leading to the condition of redox-disruption-associated oxidative stress, e.g., inactivation and decreased amounts of antioxidants (Gasiewicz and Smith, 1976; Gong and Hart, 1997; Ikediobi et al., 2004; Whanger, 1985) . Although multiple studies show that Cd stimulates oxidative stress, the detailed mechanisms for Cd-induced stress signaling associated with changes in protein Cys redox state, and abundance of small molecules and metabolites, are largely unknown. The Cys redox proteome consisting of reversible and irreversible covalent modification links to biological structure and function (Go and Jones, 2013a,b; Go et al., 2013c) . Thiol/disulfide redox state and an accumulating redox proteomics base knowledge enable development of integrated redox systems biology to better understand the function and dysfunction of biological systems during oxidative stress. In particular, redox proteomics identifies critical Cys residues associated with protein function and also redox-sensing Cys residues integrating biologic functions . The availability of advanced online bioinformatics software tools enables mapping of relevant toxicologic pathways and networks (Go et al., 2010 (Go et al., , 2013c .
The aim of the present study was to test whether integrated use of advanced mass-spectrometry-based redox proteomics, metabolomics, and pathway mapping tools could reveal potential mechanistic targets of acute Cd exposure on liver mitochondria in mice. Biochemical approaches showed that the glutathione/glutathione disulfide (GSH/GSSG) redox state was significantly oxidized in liver and plasma compared with other organ tissues by acute Cd administration. Under these conditions, redox proteomics and metabolomics identified proteins and small molecules in liver mitochondria affected by acute Cd exposure, and MetaCore (Thomson Reuters, https://portal. genego.com/) analysis showed that Cd-altered molecules were associated with multiple functional pathways. Importantly, out of large numbers of functional pathways, the analyses identified significant associations for both redox proteomics and metabolomics with pathways for BCAA metabolism and fatty acid oxidation. The data show that Cd-induced oxidation of proteins functioning in BCAA and fatty acid metabolism is linked to significant alterations in metabolites associated with these metabolic pathways.
MATERIALS AND METHODS
Mouse exposure to Cd and mitochondria isolation. All animal experiments and husbandry for the studies presented were conducted under the review and approval of the Emory University Institutional Animal Care and Use Committee and were performed in accordance with published National Institutes of Health guidelines. Mice (C57BL/6) purchased from Charles River Laboratories were maintained in the Emory University Division of Animal Resources Facility. Mice (8-10 weeks, 9 males per group) were used to analyze GSH, GSSG, protein thiol (Pr-SH), glutathionylation of protein (Pr-SSG), metallothioneins (MT1/MT2), and MPT in plasma, tissue, and mitochondria. For redox proteomics and metabolomics, mice (8-10 weeks, 3 males per group) were exposed to Cd (CdCl 2 , Sigma-Aldrich) or saline as control (CR) via intraperitoneal injection (10 mg Cd/kg body weight, 6 h) and euthanized to isolate mitochondria from livers. The dose was selected from concentrations studied by Bartosievicz (Bartosiewicz et al., 2001) following preliminary studies to assure measurable oxidation of Pr-SH, measured by Ellman's reagent, and oxidation of peroxiredoxin-3, measured by redox Western blot Roede et al., 2011; data not shown) . To address Cd effects on thiol/disulfide redox systems, we examined redox states of Cys-containing peptides (peptidyl Cys), total Pr-SH and the GSH redox system. For mitochondria isolation, the liver excised immediately from euthanized mouse was placed in ice-cold phosphate buffered saline, washed, homogenized, and fractionated by differential centrifugation (Savage et al., 1991) .
Determination of gene expression levels by quantitative real-time polymerase chain reaction. Total mRNA was isolated from organ tissues (liver, lung, and kidney) harvested from mice challenged with saline or Cd (10 mg/kg body weight, 6 h) using RNeasy mini kit (Qiagen) following the manufacturer's protocol, and reverse transcription was performed to generate cDNA (Clonetech). For quantitative real-time polymerase chain reaction (qRT-PCR), amplification was performed in triplicate on an iCycler IQ Multicolor RT-PCR Detection System (Bio-Rad Laboratories, Hercules, CA) for 30 cycles as follows: 95
• C for 30 s, 58
• C for 30 s, and 72
• C for 1 min. Quantification and melting curves were analyzed with iCycler software. Primers for MT were designed using a program provided by Integrated DNA Technologies (Coralville, Iowa). Details of PCR primer sequences for MT1 and MT2 used in the analyses of extracted RNA for qRT-PCR are as follows: mouse MT1, forward: 5 -ATG GAC CCC AAC TGC TCC TGC TCC ACC-3 , reverse: 5 -GGC ACA GCA CGT GCA CTT GTC CGC-3 ; mouse MT2, forward: 5 -ATG GAC CCC AAC TGC TCC TGT GCC-3 , reverse: 5 -GCT GCA CTT GTC GGA AGC CTC TTT-3 . Assays for Pr-SH level, GSH and GSSG amounts, GSH/GSSG redox potential (E h GSSG), Pr-SSG, and MPT. Liver, lung, and kidney tissues after Cd (or saline) treatment (10 mg/kg body weight) were analyzed for Pr-SH levels using Ellman's reagent (Go et al., 2007; Sedlak and Lindsay, 1968) and GSH and GSSG amounts by high performance liquid chromatography with fluorescence detection (Jones and Liang, 2009) . Values were used to calculate the steady-state redox potential for cellular E h GSSG using the measured concentrations, the Nernst equation, and respective E o GSSG (−264 mV, pH 7.4; Jones and Liang, 2009 ). To measure Pr-SSG, we followed procedures reported previously (Go et al., 2007; Lash and Jones, 1985) . Briefly, proteins from the liver mitochondria were precipitated with cold 10% trichloroacetic acid (TCA, SigmaAldrich) and precipitated proteins were resuspended, neutralized, and reduced by 5mM DTT. Proteins were reprecipitated, and liberated GSH was analyzed in the supernatant and presented as Pr-SSG (Go et al., 2007) . For MPT assay, freshly isolated liver mitochondria from both saline CR and Cd-treated mice were used following procedures described previously (He et al., 2008) . MPT was determined spectrometrically at 540 nm with or without presence of 60M Ca 2+ (He et al., 2008; Savage et al., 1991) .
Quantification of peptidyl Cys by redox proteomic analysis. Redox isotope coded affinity tag (ICAT) was performed using ICAT-based mass spectrometry (MS; Go et al., 2010 Go et al., , 2011 Go et al., , 2013c . This methodology has been extensively studied and developed to minimize oxidation during sample extraction, processing, and MS (Go et al., 2010 (Go et al., , 2013c . Briefly, freshly isolated liver mitochondria from mice challenged with Cd or saline CR (3 mice for each treatment) were precipitated with ice-cold 10% TCA and 120 g total protein was used for redox ICAT analysis (Go et al., 2013c) . Protein was washed with ice-cold acetone, resuspended in denaturing buffer (50mM Tris, 0.1% SDS, pH 8.5) provided by the manufacturer (AB Sciex, CA), and treated with the biotin-conjugated thiol reagent (Heavy isotopic [H-ICAT]) for 1 h at 37 • C. Protein was then reprecipitated by ice-cold 10% TCA for 30 min on ice, pelleted, washed with acetone, and resuspended in 80 l denaturing buffer. Unlabeled disulfides and sulfenic acids in the proteins were then reduced by TCEP [tris-(2-carboxyethyl phosphine)] and labeled with another biotin-conjugated thiol reagent (Light isotopic [L-ICAT]) at 37
• C for 1 h. Samples including both Hand L-ICAT-labeled proteins were digested with trypsin for 18 h, fractionated by cationic exchange followed by avidin purification, and analyzed by MS as described below. ICAT-labeled Cys containing peptides (peptidyl Cys) were identified with an H to L ratio as a measure of the reduced/oxidized state of the protein, expressed as percentage values, and labeled as "% oxidized." Identified peptidyl Cys were individually processed to eliminate redundancies, matched to proteins based upon amino acid sequences, and verified for consistency between saline CR and Cd treatments. Mass spectrometry. ICAT-labeled Cys peptides were analyzed by reverse-phase liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS; Go et al., 2013c; Xu et al., 2009) . Peptide eluates were monitored in an MS survey scan followed by 10 data-dependent MS/MS scans on an LTQ-Orbitrap ion trap mass spectrometer (Thermo Finnigan, San Jose, CA). The LTQ was used to acquire MS/MS spectra (2 m/z isolation width, 35% collision energy, 5000 AGC target, and 200 ms maximum ion time). The Orbitrap was used to collect MS scans (300-1600 m/z, 1,000,000 AGC target, 500 ms maximum ion time, and resolution 30,000). All data were converted from .raw files to the .dta format using ExtractMS Version 2.0 (Thermo Finnigan). The acquired MS/MS spectra were searched against a concatenated target-decoy human reference database of the National Center for Biotechnology Information using the SEQUEST Sorcerer algorithm (Version 3.11, SAGE-N; Eng et al., 1994) ; searching parameters included partially tryptic restriction, parent ion mass tolerance (± 20 ppm), dynamic modifications of oxidized Met (+15.9949 Da), differential ICAT-modified Cys (+9.0302 Da), and static ICAT modification of Cys (+227.1270 Da). The peptides were classified by charge state and tryptic state (fully and partial) and first filtered by mass accuracy (10 ppm for high-resolution MS) and then dynamically by increasing XCorr and Cn values to reduce protein false discovery rate (FDR) to less than 1%, according to the target-decoy strategy (Elias and Gygi, 2007; Peng et al., 2003) . Parameter settings allowed detection of 100% oxidation and 100% reduction as well as H:L ratios for partially oxidized peptidyl Cys. Peptides included for analyses are presented in Supplement 1.
Sample preparation and extraction for metabolomics. Metabolomics using high-resolution MS were performed following the procedures described previously (Roede et al., 2012) . Briefly, an aliquot of isolated mitochondria was used to determine protein content using a Bio-Rad DC kit. Equivalent amounts of mitochondria corresponding to 150 g of mitochondrial protein were used and diluted to a final volume of 50 l using incubation media that included 220mM mannitol and 2mM hepes (pH 7.4). A mixture of standards consisting of 14 stable isotopic chemicals (see chemicals below) that cover a broad range of chemical properties represented in small molecules were added to 100 l acetonitrile (ACN; Soltow et al., 2013) . An amount of 100 l of the ACN solution including internal standards was then added to 50 l of mitochondria samples. Samples were centrifuged at 14,000 × g for 10 min at 4
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remove protein and supernatants were loaded onto an autosampler maintained at 4
• C until injection.
LC-MS metabolic profiling. LC-MS with chromatography as described above was performed using an LTQ Velos Orbitrap (Thermo Fisher, San Diego, CA) mass spectrometer. Optimized operating conditions for the LTQ Orbitrap were used as follows: HESI (heated electrospray ionization) probe with Slens combination for ESI (electrospray ionization); MS 1 mode scanning mass to charge (m/z) range of 85-2000; resolution, 60,000; maximum number of ions collected, 5.00 × 10 5 ; the maximum injection time, 5 l/s; capillary temperature, 275
• C; source heater, 45
• C; voltage, 4.6 kV; sheath gas, 45; auxillary gas flow, 5; and sweep gas flow, 0. Each sample was run in triplicate with C18 column chromatography and 10 l injection volume.
Data collection, processing, and analysis. Data were collected continuously over the 10-min chromatographic separation and converted using XCalibur file converter software (Thermo Fisher) for further data processing. The data were processed for peak extraction and quantification of ion intensities using apLCMS (Go et al., 2013c; Yu et al., 2009 ) with enhanced data extraction using xMSanalyzer (Go et al., 2013c; Uppal et al., 2013) . The technical replicates were averaged following the quality assessment, and only the m/z features (ions) with at least 70% signal in one of the test conditions (CR, Cd) were retained. The features were annotated by searching metabolic databases, including Kyoto Encyclopedia of Genes and Genomes (KEGG) and METLIN, for putative matches to known metabolites using a m/z threshold (±10 ppm).
2 H 3 -palmitoylcarnitine uptake. Isolated mitochondria (200 g) obtained from Cd or CR mouse were incubated with 2 H 3 -pamitoylcarnitine (40M, Cambridge Isotope Laboratories) for 20 min. Mitochondria were washed with the medium (250mM sucrose, 10mM MOPS, 3mM KH 2 PO 4 , 5mM succinate, and 5mM malate) and spun down (8000 × g, 10 min, 4
• C), resuspended in the medium (220mM mannitol, 2mM hepes, pH 7.0), and extracted for metabolomics analysis by MS as above. Intensity of 2 H 3 -palmitoylcarnitine (m/z; 403.3617) was calculated by following the method for metabolomics data collection, processing, and analysis as described above.
Biological network analysis by MetaCore. Functional redox proteomic and metabolomic networks affected by protein redox state and abundance of metabolites, respectively, were analyzed using MetaCore (Thomson Reuters, https://portal.genego. com/), METLIN (Scripps Center For metabolomics, http:// metlin.scripps.edu/metabo search alt2.php), and KEGG (http: //www.genome.jp/kegg/). For pathway analysis associated with Cd-oxidized proteins, peptidyl Cys with fold oxidation value ≥1.5 were analyzed by loading information of protein ID and fold oxidation value of oxidized peptidyl Cys into MetaCore (Version 6.13, build 43450). For pathway analysis associated with Cd-altered abundance of metabolites, 542 significantly increased and decreased features were loaded to MetaCore. Ranking of relevant integrated pathways was based on hypergeometric p-values (Levine et al., 2006) . Pathway map analysis was specified with a significance level for the FDR filter by setting FDR threshold level at 0.05.
RESULTS

The Effect of Cd on Oxidative Stress
To evaluate oxidative stress induced by acute Cd exposure, plasma (Figs. 1A and B) and different organ tissues including liver (C), lung (D), and kidney (E) were examined for redox states (redox potential, E h ) of thiol/disulfide couples (cysteine [Cys]/cystine [CySS, oxidized form of cysteine], GSH/GSSG). The results showed that Cd significantly decreased GSH in plasma (CR, 18.8 ± 2.0M; Cd, 8.0 ± 1.1M) and liver (CR, 9.3 ± 1.7mM; Cd, 4.6 ± 1.1mM), and oxidized GSH redox potential (A, Plasma E h GSSG [CR, −141.3 ± 2.1 mV; Cd, −129.8 ± 3.7 mV], C, liver E h GSSG [CR, −249.1 ± 3.0 mV; Cd, −237.8 ± 4.8 mV]). Consistent with these results, total Pr-SH measured by Ellman's reagent showed that liver Pr-SH were significantly decreased by Cd ( Fig. 2A) . On the other hand, no significant effect was observed in plasma concentration of Cys and CySS, or E h CySS (B). Similarly, no significant Cd effect was observed on GSH, GSSG, or E h GSSG levels for lung and kidney tissues (D, E). The lack of significant effects in kidney and lung may have been due to the short time frame for these studies. In contrast, qRT-PCR analysis on MT expression by Cd show that mRNA levels of MT-1 (Fig. 2B ) and MT-2 (Fig. 2C) were significantly elevated by Cd in all tissues compared with CR. These data suggest that liver is more susceptible to oxidative stress induced by Cd under the conditions used, although MT expression examined for cellular responses to metal was substantially elevated in all organ tissues.
Mitochondrial Dysfunction in Liver by Cd
Because the Cd effects on liver appeared to be significant and more susceptible to oxidation than other tissues, we focused on examining liver mitochondria to determine acute Cdexposure-induced toxicological mechanisms associated with liver metabolism. Considerable evidence using in vitro cells and isolated mitochondria show that Cd-induced mitochondrial dysfunction occurs following activation of the MPT (Belyaeva et al., 2011; Lee et al., 2004; Zhang et al., 2008) . The MPT, a high-amplitude swelling of mitochondria (Hunter et al., 1976) triggered by the opening of a pore, allows rapid influx of ions. The MPT pore is activated by Ca 2+ in the presence of diverse molecules such as heavy metal ions (Gunter and Pfeiffer, 1990) . Therefore, to examine acute Cd effect on liver mitochondrial function, liver mitochondria isolated from mice administered with Cd or saline were analyzed for MPT assay (Figs. 3A and FIG. 1 . GSH, GSSG, and GSH/GSSG redox potential in plasma and liver by acute Cd exposure. Plasma (A, B) and organ tissues (C-E) collected from mice (9 mice per group) exposed to saline control (0 Cd) or Cd (10 mg/kg body weight, 10 Cd) for 6 h were analyzed for redox states of thiol/disulfide couples, GSH, GSSG (A, top) and Cys and CySS amounts (B-E, top), and respective GSH/GSSG (A, C-E; bottom) and Cys/CySS (B, bottom) redox potentials (E h GSSG and E h CySS). * p < 0.05 versus CR group.
FIG. 2.
Cd decreased total protein-bound thiols and increased mRNA expression of metallothionein (MT). Tissues including liver, lung, and kidney isolated from mice treated with Cd as described above were measured for total protein-bound thiol (Pr-SH) by Ellman's reagent (A). MT-1 (B) and MT-2 (C) expression levels (mRNA level) were measured by quantitative real-time PCR in different tissues as a measure of cellular response to the metal stress, Cd. * p < 0.05 versus CR group. B). Both in the presence and absence of 60M Ca 2+ , mitochondria from Cd-treated mice showed that MPT is more activated than that of control mice (CR, Fig. 3A ; Cd, Fig. 3B ) suggesting that Cd exposure impaired mitochondrial function. Cd-induced mitochondrial oxidative damage was assessed by measuring the GSH/GSSG redox system. Results showed that mitochondria isolated from Cd-treated mice had significantly decreased GSH (Fig. 3C) , oxidized E h GSSG (Fig. 3D) , decreased Pr-SH (Fig.  3E) , and elevated glutathionylation of proteins (Pr-SSG; Fig.  3F ). These data support previous findings that acute exposure to Cd is associated with mitochondrial oxidative stress and damage in liver.
Cd-Induced Oxidation of Peptidyl Cys Measured in Liver
Mitochondria by Redox ICAT Mass Spectrometry Cd is not redox-active; however, many studies show that cells and mice respond to Cd similarly as to oxidative stress (Dailianis et al., 2009; Gong and Hart, 1997; Ikediobi et al., 2004) . To determine whether acute Cd-induced mitochondrial oxidative stress is associated with alteration in redox states of liver mitochondrial proteins, we used redox ICAT/MS-based proteomics to measure percent oxidation of peptidyl Cys of proteins. To quantify redox states of peptidyl Cys in mitochondria, mouse liver in three biological replicates of each saline CR and Cd (10 mg/kg body weight) were used. Redox ICAT analysis FIG. 3 . Liver mitochondrial GSH, protein thiol, and functional impairment by Cd exposure. Isolated mitochondria from mice exposed to saline CR and Cd (10 mg/kg body weight) for 6 h were used to measure mitochondrial permeability transition (MPT; A, B) and determine GSH/GSSG related oxidative stress (C-F). Mitochondria were suspended in media containing 3mM inorganic phosphate and 5mM sodium succinate with or without 60M Ca 2+ at 20 • C, and activation of MPT was monitored at 540 nm. The MPT from Cd-exposed mice (B) were more activated than CR (A) in both presence and absence of Ca 2+ . Redox states of isolated mitochondria from CR and Cd were examined by measuring amounts of GSH/GSSG (C), GSH/GSSG redox potential (E h GSSG, D), and concentration of protein-bound thiol (Pr-SH, E) and glutathionylated protein (Pr-SSG, F). *p < 0.05 versus CR group. Data are representative of experiments from 9 mice for each CR and Cd treatment.
requires that each peptide be detected in both heavy isotope and light isotope form to allow determination of the percentage oxidation (Go et al., 2013c) . Consequently, some data were missing for individual experiments (Supplement 1). We filtered peptidyl Cys for fold oxidation (Cd/CR) by Cd treatment compared with control, keeping those with values higher than 1.5 fold change (50% more oxidized in Cd than CR) in mouse liver. The distribution of % oxidation of identical peptidyl Cys detected from CR and Cd treatment is shown in histograms, with a mean % oxidation indicated by arrows (CR, mean = 8.9%, n = 1667; Cd, mean = 15.7%, n = 1667; Fig. 4A ). Cd-induced fold-change oxidation of these peptides was characterized and can be visualized in Figure 4B . These data show that 75% of these peptidyl Cys were oxidized more than 50% (≥ 1.5-fold) by acute Cd exposure (4B). A complete list of these peptidyl Cys, along with proteins containing these sequences, is given in Supplement 1. Total numbers of peptidyl Cys with ≥1.5-fold oxidation were 1247 corresponding to 547 proteins (Supplement 1). These redox proteomics data show that acute Cd exposure causes extensive oxidation of the mitochondrial proteome.
Pathways for Branched Amino Acid Metabolism are Significantly Affected by Cd
To identify functional pathways and networks affected by Cd exposure, we performed pathway enrichment analysis using MetaCore software (https://portal.genego.com/). This approach was used to overcome the limitation of the large number of comparisons of individual peptidyl Cys, which result in few significant differences for individual peptidyl Cys after FDR correction (Supplement 1). MetaCore uses the Fisher's exact test to test for over-representation of peptidyl Cys relative to those expected to occur randomly, adjusting for multiple sample testing using FDR. Peptidyl Cys were selected that were oxidized ≥ 1.5-fold by Cd. These included 1247 peptidyl Cys from 547 proteins and were analyzed using MetaCore with an FDR threshold level at 0.05. The results showed that Cd-oxidized proteins were significantly associated with 86 pathways (Supplement 2, A). Of these, the top 10 pathways ranked according to p-value are shown in Figure 4C . These included BCAA metabolism, oxidative phosphorylation, tryptophan, butanoate and pyruvate metabolism, branched chain fatty acid oxidation, and lysine metabolism. The most significant pathway was for BCAA (leucine, isoleucine, and valine) metabolism (p = 1.5 × 10 −17 ; Supplement 2A and Fig. 5 ) matching with 24 objects (rectangular box; https://portal.genego.com/cgi/imagemap.cgi?id= 2315&channel=Other&section=Workflow). The detailed information about these Cd-oxidized peptides involved in BCAA metabolism is shown in Table 1 .
Cd-Induced Alterations in Abundance of Small Molecules (Metabolites) Measured in Liver Mitochondria by High-Resolution Mass Spectrometry
To compare with redox proteomics results and provide information regarding Cd effects on liver mitochondrial metabolome, we performed metabolomics analysis of the same mitochondria using high-resolution MS (Roede et al., 2012) . The MS data show that a total 4745 m/z features (ions) were detected. Of these, 542 m/z features (increased by Cd, 250 m/z; decreased by Cd, 292 m/z) were significantly different comparing between Cd and CR mice after FDR correction. Cd-altered 542 features were searched for accurate mass matches using METLIN (http://metlin.scripps.edu/ metabo search alt2.php). This analysis provides information including m/z, METLIN ID, and KEGG ID if the data are available. The KEGG IDs of significantly altered m/z features were loaded into MetaCore. MetaCore identified 29 significant pathways associated with increased or decreased features in the mitochondria (Supplement 2, B). Of these, 10 significant path- Table 2 ).
Cd-Affected Pathways for Fatty Acid Oxidation
Previous studies showed that deficiency and mutation of enzymes involved in long-chain fatty acid oxidation resulted in abnormal clinical phenotypes (Andresen et al., 1999; Gregersen et al., 2001) . The current study of redox proteomics identified Cd-affected significant pathways for long-chain fatty acid oxidation (p = 1.93 × 10 −6 ; Supplement 2, Fig. 7 ) involving oxidation of 46 peptidyl Cys corresponding to 14 different proteins (Table 3) . Metabolomics analyses also identified several metabolic features associated with carnitine/acylcarnitine and acyl-CoA metabolism (Table 4 ) supporting pathway analysis of redox proteomics data. These had different patterns of increase and decrease suggesting that there are multiple protein targets disrupted by Cd, illustrated by a pathway map of longchain fatty acid oxidation metabolism (Fig. 7) , also provided in the online link https://portal.genego.com/cgi/imagemap.cgi? id=832&channel=Other&section=Workflow. The Cd-induced effects on specific proteins and metabolites of long-chain fatty acid oxidation and CoA-linked carnitine metabolism including carnitine acetyltransferase (CAT), carnitine palmitoyl transferase (CPTII), carnitine/acylcarnitine carrier (CAC), with oxidized Cys residues, and associated metabolites (acetylcarnitine, palmitoylcarnitine, and stearylcarnitine) are presented in a schematic diagram of the carnitine/acylcarnitine transport system (Fig. 8A) . Cd-induced disruption of carnitine metabolism was confirmed by a 2 H 3 -palmitoylcarnitine uptake experiment. Results show that 2 H 3 -palmitoylcarnitine measured by LChigh-resolution MS was substantially lower in mitochondria obtained from Cd-treated mouse compared with CR mouse (saline, see Fig. 8B ). This data confirms the Cd-induced disruption of mitochondrial CAC function through oxidation of critical Cys residues (Table 3) .
DISCUSSION
The present study demonstrates that metabolomics data can be combined with redox proteomics data to enhance detection of mechanisms involved in toxicity. The approach can be used in a targeted way to test specific hypotheses, while gaining information on other potentially relevant mechanisms. In addition, the approach can be used with unbiased bioinformatics tools to identify target pathways representative of the metabolites and proteins detected. By providing information on dozens of biochemical pathways along with multiple functional protein networks, the results can yield more in depth understanding of com-
FIG. 5.
Cd-affected significant mitochondrial pathways for branched chain amino acid metabolism. Among significant pathways associated with Cd-oxidized proteins/peptidyl Cys and Cd-increased metabolites, the pathways for branched chain amino acids (leucine, isoleucine, and valine) metabolism are shown. Redox ICAT/MS-identified 24 peptidyl Cys (rectangular box; p = 1.5 × 10 −17 ) oxidized by Cd and high-resolution metabolomics-identified 3 metabolites (oval) increased by Cd are shown in these pathways including total 80 proteins and metabolites.
FIG. 6.
Cd-altered mitochondrial metabolome. Isolated mitochondria prepared for redox proteomics were used for metabolomics by high-resolution mass spectrometry. Top 10 pathways associated with 542 small molecules (m/z features) that are significantly affected by Cd were ranked by MetaCore Bioinformatics software according to p-value.
plex toxic mechanisms. Extension to combinations of chemicals can also potentially clarify synergistic mechanisms of toxicity.
In addition to skeletal muscle and heart, the liver is a target organ of long-chain fatty acid oxidation defects. An increasing number of studies show a close relationship between liver disease and disruption in mitochondrial metabolism; e.g., deficiency and mutation of succinyl CoA ligase and medium/longchain acyl-CoA dehydrogenase resulted in liver diseases, mito- chondrial hepatoencephalomyopathy, and liver failure (Mashek et al., 2007; Van Hove et al., 2010) . Mitochondria regulate many metabolic pathways in cells and different tissues by integrating signaling networks and pathways, and play a pivotal role in intracellular energy-generating processes, cell survival, and death. Accordingly, mitochondrial dysfunction due to metabolic pathway interruption has been implicated in various metabolic diseases, such as aging and diabetes (Newsholme et al., 2012) . Therefore, our findings of Cd-mediated interruption of fatty acid oxidation suggest potential effects of Cd exposure as a sensitizing agent that may exacerbate diseases already involving mitochondrial dysfunction. Evaluation of functional relevance in association with redox changes of Cys residues in proteins appears to be an important task to fulfill. The three peptidyl Cys of CAC protein (Cys 58 , Cys 136 , Cys 155 , NP 065266.1; Fig. 8 ) were found to be oxidized fourfold more by Cd treatment compared with CR (see Table 3 ). These Cys residues have been previously reported to function importantly in carnitine transport between intermembrane space and matrix (Giangregorio et al., 2007) . Additionally, carnitine O-acetyltransferase (NP 031786.2), also known Cd-affected significant mitochondrial pathways for long-chain fatty acid oxidation metabolism. Redox ICAT/MS-identified 13 peptidyl Cys (rectangular box; p = 1.9 × 10 −6 ) oxidized by Cd and high-resolution metabolomics-identified 12 metabolites (oval) are shown in these pathways including total 83 proteins and metabolites.
as carnitine palmitoyltransferase I (CPT1), was oxidized by Cd (3.8 fold oxidation of Cys 287 ; Table 3 , Fig. 8 ). This enzyme catalyzes the chemical reaction "acyl-CoA + carnitine ↔ CoA + O-acylcarnitine" (Bieber, 1988) . Although the exact mechanism of CPT1 is not known, our data support the previous finding by Shoaf (Shoaf et al., 1986) that Cd inhibited carnitine acylation by inhibiting CPT1 activity via Cd binding to a thiol group of Cys on this enzyme. CPT1 disorder is known to be a risk factor for hepatic disease and other health problems (Collins et al., 2010) ; therefore, changes in the redox state of CPT1 by Cd could be associated with potentiation of liver dysfunction. Finally, we showed that medium, long, and very long chain acyl-CoA dehydrogenases are oxidized by Cd treatment. These enzymes possess redox-sensitive Cys residues (Okamura-Ikeda et al., 1985) , and oxidation of these residues may account for treatment-related increases in palmitoyl-CoA and but-2-enoylCoA.
In addition to the effect of protein Cys redox change, consequences from altered abundance of metabolites will also influence cellular metabolism and function. Carnitine is a quaternary ammonium compound synthesized from Lys and Met in the liver and kidney (Steiber et al., 2004) . Carnitine is required for transporting fatty acid from the cytoplasm to the mitochondria during lipid metabolism via ␤-oxidation to generate metabolic energy. Cd altered levels of several metabolites associated with carnitine and CoA in the mitochondria, such as palmitoyl-Lcarnitine, propionyl-L-carnitine, malonylcarnitine, palmitoylCoA, and several acyl-CoA (see Table 4 ). Because carnitine and acylcarnitine play an important role in the protection against oxidative stress (Selim et al., 2012; Yari et al., 2010) , altered mitochondrial levels of acylcarnitines by Cd could influence mitochondrial protection from oxidative stress.
Recent studies have addressed an important role of BCAA in energy metabolism associated with longevity of a broad range of species including mammals (Valerio et al., 2011) . The results suggested that alteration in BCAA metabolism by malnutrition resulted in decreased lifespan accompanied by increased oxidative stress and disrupted mitochondrial biogenesis (Valerio et al., 2011) . With regard to Cd effect on BCAA metabolism, a study using nuclear magnetic resonance (NMR) 
FIG. 8.
Cd-affected carnitine/acylcarnitine metabolism. A schematic diagram for Cd-affected carnitine/acylcarnitine transport from cytoplasm to mitochondria is shown (A). Several critical proteins (CAT, CPTI, CPTII, and CAC carrier) regulating this transport system are indicated with oxidation in specific Cys residues by Cd exposure. Metabolites identified by metabolomics, including carnitine, acetylcarnitine, palmitoylcarnitine, and stearylcarnitine, are shown with m/z and altered abundance in the mitochondria by Cd treatment (A). (B) Mitochondrial palmitoylcarnitine level ( 2 H 3 -palmitoylcarnitine) was measured by mass spectrometer (m/z, 403.3617) after treating a mouse with Cd or saline for 6 h. *p = 0.008, n = 3. spectroscopy in Silene cucubalus cell showed that BCAA and glutamine amounts were decreased as a consequence of Cd exposure (Bailey et al., 2003) . Another study using Wistar rats showed that Cd (50 mg/kg/day) significantly decreased levels of all BCAA including valine, leucine, and isoleucine in blood serum and the kidney, and valine in liver compared with those in control rats (Pasternak et al., 2004) . More recently, an NMRbased metabolomic study in green mussels exposed to Cd for 1 week showed significant increase in BCAA (Wu and Wang, 2010) . Additionally, alterations in BCAA metabolism can be an indicator of enhanced amino acid degradation in response to altered energy production via fatty acid oxidation. In line with this hypothesis, our data show Cd-mediated increases in succinyl, isobutyryl, and acetyl-CoA as well as propionyl-Lcarnitine, all of which are markers of BCAA breakdown and protein catabolism. Accordingly, our metabolomics data with altered levels of BCAA by Cd supports previous findings and also provides information on additional target molecules affected by Cd exposure.
An application of omics technology together with available bioinformatics software enabled identification of functionally significant pathways and a broad range of proteins and small molecules affected by Cd. However, biological functions of Cys residues in proteins and metabolic changes resulted from altered abundance of small molecules are largely unidentified. Therefore, further studies are needed to improve our knowledge in this under-studied area, i.e., association of small molecules and redox-sensitive Cys with mitochondrial functional responses.
In conclusion, exposure to the environmental toxicant Cd significantly increased oxidative stress by diminishing GSH and total Pr-SH levels, and oxidizing GSH/GSSG redox potential in plasma and liver. Especially in the liver, Cd appeared to elevate oxidative stress in association with mitochondrial impairment, significant oxidation in the mitochondrial GSH/GSSG redox system, and increased sensitivity to MPT. The results from redox proteomics and metabolomics with bioinformatics supported disruption in mitochondrial metabolic pathways. This integrated omics approach identified Cd-affected significant pathways and networks for BCAA regulation and long-chain fatty acid oxidation, suggesting that acute Cd exposure substantially impacts mitochondrial metabolism and liver physiology. Moreover, our study establishes that integrated redox proteomics and metabolomics can be used as a powerful approach to determine environmental-toxicant-induced effects in complex systems.
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